The generator is an important component of the power system and, as a prerequisite for the normal work of the generator; one of the preconditions of excitation of a system running well will directly affect the operation of the motor characteristics and heavily influence the normal operation of the power system. In the excitation system, the control portion of the excitation system is the key to whether a system can effectively resist all kinds of emergencies. Regarding the excitation system of a high temperature superconducting machine, this paper proposes the design of an excitation system control strategy. Combining fuzzy control and conventional PID control strategy, the proposed composition has the advantages of an excitation control strategy, which can achieve a precise control purpose, and provides good adaptive ability and robustness. And on this basis, the proposed composition seeks to combine variable universe fuzzy control, to further improve the control precision of the system. The fuzzy PID control system simulation model and the variable universe fuzzy PID control are investigated. Results are compared and indicate that the variable universe fuzzy PID control demonstrates better dynamic and static performance.
Introduction
With the support of new materials in the field provided by the 863 plan, the CSIC 712 research institute has successfully developed China's first 1000 kW HTS Motor and achieved stable full-power operation in April, 2012. In July, 2012, the "1000 kW HTS Motors" project of the 863 plan passed technical inspection. This indicates that China already has the ability to design megawatt-class HTS motors with manufacturing capabilities, and has become one of the few countries to have mastered key technologies of the HTS motor. However, the current study of motor is far from good, and the development of a supporting system for the HTS motor remains a slow process, especially for high temperature superconducting motor excitation systems. For excitation systems, the control strategy determines the system performance instability and fault conditions, which improves the performance of the excitation control system. Thus, the control strategy has great influence on the safe and stable operation of synchronous generators and power systems. Excitation control plays an important role in determining whether the system will work in the normal state or fault conditions; thus, the excitation system control strategy is indispensable. The performance of the excitation system plays a key role in HTS motor operation, and has significant impact on several key technical indices such as reliability, stability and power quality indicators. The conventional PID control strategy is simple in structure, with certain robustness, easy implementation, and steady-state astatic control. The precision can meet general requirements at the industrial level. With the development of a power system, it has become highly nonlinear and time-varying, and conventional PID control of excitation has been unable to meet the requirements of modern power systems, necessitating the search for other effective control methods. Chen Zhifei presented the adaptive neuro-complex fuzzy inferential system (ANCFIS) [3] , providing a good method for the implementation of complex fuzzy rules; the authors have presented the architecture and learning algorithm for ANCFIS. Amitava Chatterjee proposed a control strategy of stable state-feedback fuzzy controller used for flexible robotic arms [1] , in which the controller was designed on the basis of a neuro-fuzzy state space model; this strategy has solved the stability condition problems and has been successfully implemented on a real robotic arm. Zhang Wen Ling proposed a fuzzy control system using an iterative feedback tuning algorithm characterized by setting the step size in order to guarantee the stability of the fuzzy control system [14] .
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Structure of HTS machine excitation system
The structure of an HTS motor excitation system is shown in Fig. 1 . The composition of the excitation system is composed of a power system stabilizer, rotating rectifier and the control section; the control strategy is described in the following sections. In addition to an excitation system, the input is an external preset, and the output will be exported to the HTS motor rotor winding.
Modeling of excitation system of HTS machine
Modeling of rotate rectifier
The working principle of a diode rectifier is based on single guide electrical characteristics. To ensure the AC input DC output needs to ensure that only one diode is conducting within the negative and the positive of the two groups at the same time. The remaining diode has a non-positive voltage and therefore does not turn on. In the circuit load, rectification is realized by through continuous transformation of the conduction sequence: conversion occurs six times, with six conversion points. The DC voltage output rectifier is for envelope line voltage. Six uniform wave heads appear in one cycle, the average load current of each interval is the same, and the load voltage is equal to the corresponding average value, which is also the conversion point.
where i d is the load current, u d is the load voltage, u 2 is the HTS motor output voltage. When the load is the large inductance and resistance, inductance cannot fluctuate in a very stable output current, and current circuit load is a constant:
where U G (s) is the current circuit load, time constant T is related to the number of phase rectifier circuit, and s represents the Laplace Transform.
Modeling of PSS
In a power system, low frequency oscillation is always a difficult problem to solve. In order to overcome this problem, scientists have developed a device called a power system stabilizer. As an additional excitation control technique, it is used to suppress low frequency oscillation. The device suppresses the low frequency oscillations by importing an additional signal ahead of speed into the excitation system. Through this signal, a corresponding positive damping torque can be produced; the torque can be used to produce the harmonic excitation regulator to mediate the negative feedback of the negative damping torque. In the working process of the PSS, in addition to the speed signal, it also requires other signals associated with vibration signal sampling, such as active power and frequency; the signal is processed and blended into the original signal, which can more effectively negate the damping signal. The input signal is possible for the above mentioned comprehensive sampling signal, but the complexity is higher, which makes it less conducive to industrial manufacturing. Therefore, different countries choose different input signals. In some countries, such as Japan, P is used as input, but more countries use ω, the rotating speed, as input. In this paper, in order to raise the accuracy of the result, P and ω are both used as input. The mathematical model of a power system controller is shown in Fig. 2 .
The mathematical model of an HTS machine is rather complicated, so the details will not be introduced here. The simulation will adopt the corresponding mathematical model.
The fuzzy PID control strategy design and simulation of excitation system
The PID control strategy design and of excitation system
The working principle of PID control strategy is very simple. The working principle of the strategy is based on the system error as input, using the error ratio and differential integral, calculating three aspects of different combinations as an output control. Figure 3 depicts a schematic diagram of a conventional PID control system [12] .
In an automatic control system, the control strategy and the controlled object are two very important components. The expression of the terminal voltage deviation signal is given below; the result of the difference between the given r(t) and the actual output y(t) is shown in Fig. 3 . The PID algorithm has several inherent defects. First of all, the primary control object of the PID algorithm is for a linear system, requirements for the accuracy of system modeling are high, and the control effect for a complex system is poor. Secondly, the saturation amplifier will lead the PID control strategy to weaken the differential signal; meanwhile, due to the changing object parameters, the control effect will be greatly reduced. Finally, the adaptive ability of the traditional PID algorithm to system load changes or jamming from interference is weak. Therefore, the traditional PID control strategy is only suitable for low load, nonlinear, low disturbance conditions [9] .
The fuzzy PID control strategy design for excitation system
A fuzzy PID excitation control strategy for an HTS motor uses changes in the deviation between the terminal voltage of the generator and a given value as a feedback signal, ruling out the corresponding control signals through fuzzy logic inference, and then inputting the signal into the excitation system of the HTS machine to realize the control of the machine.
As a kind of adaptive PID control algorithm, the characteristics of fuzzy PID include adding a fuzzy reasoning algorithm to conventional PID. Fuzzy control does not depend on a precise mathematical model and has low requirements regarding the linear degree of the control object, effectively achieving anti-interference, and demonstrating good adaptability and robustness. The fuzzy PID control algorithm combines the excellent performance of the conventional PID control algorithm with the fuzzy control algorithm, creating a more intelligent PID control algorithm.
The process principle of a fuzzy inference system is shown in Fig. 4 .
For the excitation control system designed in this paper, the input quantity is the deviation of the terminal voltage and the expected value e, and the changing rate of deviation e' These values have physical meanings and their own changing scopes; the range is known as the basic theory of domain of the system. The controlled output variable u represents the change range of parameters requested by the controlled object, the control volume for precise values, known as the basic theory of domain output variable fuzzy control strategy. The first step is to blur the two actual input variables and the output variable [2] .
The input values e and ec stand for the voltage deviation and changing rate of voltage deviation under the fuzzy control strategy; outputs k p , k i , k d stand for the processed three parameters of the PID strategy. k p represents the increment of the PID proportion factor, k i is the increment of PID integral factor, k d is the increment of PID differential factor, and u represents the output of the fuzzy PID control strategy.
The design of the PID algorithm needs to design the fuzzy control model. The fuzzy control strategy is a two-input single-output model, according to the fuzzy control strategy, with design outlined as follows.
Fuzzy quantitative: Set the fuzzy subset of the input e, ec and the output k p , k i , k d as follows:
{NB, NM, NS, ZO, PS, PM, PB}
These variables represent "Negative Big", "Negative Middle", "Negative Small", "Zero", "Positive Small", "Positive Middle" and "Positive Big" respectively. The core of the fuzzy system is a knowledge base, and the core of the knowledge base is the fuzzy rule, which is used to express the fuzzy logic relationship between input and output. The fuzzy rule of this paper is based on summarized and developed knowledge of control experts and practical experience; the design principle is to ensure that the system demonstrates the best dynamic performance. The fuzzy rules are shown in Table 1 .
Fuzzy PID control quantity u is obtained by using the PID control algorithm, expressed by Equation (4):
Excitation system simulation in the fuzzy PID control strategy
In the fuzzy control strategy designed above, the three values k p , k i , k d are not fixed values, so unlike the ordinary PID simulation construction in which three values are set as fixed values, the three values are used as the input value for processing. Meanwhile, fuzzy control strategy not only requires terminal voltage deviation e as an input, but also requires ec (the changing rate of e) as another input. The fuzzy PID control strategy simulation model is shown in Fig. 5 [6] .
Set simulation time as 10 s, algorithm as ode23. Set each control parameter of PID control strategy as: If K p = 20, K i = 4.2, K d = 0.21, then set quantification factor K e and K ec of the fuzzy control strategy as follows K e = 3, K ec = 1. Set the scaling factor to K up = 26, K ui = 1, K up = 10. Simulation result under normal working conditions is shown in Fig. 6 . The simulation model above represents an HTS machine under normal conditions; however, there may be many unpredictable emergencies, thus these conditions must also be solved. Under normal working conditions, the machine sometimes must face output short circuit, tested in this article by simulating the terminal voltage short circuit to analyze the moderating effect of the excitation system in the face of the fault. 
Variable universe fuzzy PID control strategy design and simulation for excitation system
Variable universe fuzzy PID control strategy design for excitation system
In the algorithm introduced by fuzzy control strategy, there will be some inevitable nonlinear components; this is due to the complex fuzzy rules, which will weaken the control effect. The accuracy of control depends on the number of control rules, membership function selection and expert experience. Although fuzzy control has strong robustness, its adaptive ability is poor; the variable universe fuzzy control is effective in mitigating this problem.
The design of the variable universe fuzzy control strategy does not require much expert knowledge in this field, only the general trend of the rules. Compared to the conventional fuzzy control strategy, there are fewer requirements of control rule membership functions and equidistant partition, and a simplified design with higher accuracy. Thus, the variable universe fuzzy control is a kind of high precision fuzzy adaptive algorithm, which can deal with nonlinear control objects and the difficulties in modeling and changing model parameters. A common variable universe fuzzy control principle diagram is shown in Fig. 9 .
Set the double-input single-output fuzzy control system as an example. Y to B = {B j }, according to the common fuzzy control rules explained in Equation (5).
If e is A 1j and ec is
Set the peak point of A i j to x i j; set the peak point of B j to y j ; set the interpolation function to F (e, ec). The rule above can be transformed into Equation (6):
where u(e, ec) is the output of the fuzzy PID controller; and A ij (x i ) is the fuzzy partition function on x i . The variable domain is the domain of of the input and output changes with two input variables; the express input and output domain changes are described in Equation (7):
where X 1 , X 2 , Y represent the initial domain theory, and X 1 (x), X 2 (x), Y (x) represent the variable domain. α(x), β(x), γ(x) are domain extension factors of e, ec and u. This is the theory of variable domain that implements the domain changes with deviation. For example set the output domain extension as shown in Figs. 10 and 11. The figures show that the core of the theory of variable domain is the selection of the scaling factor, and the changes in scaling factor determine the shape of the theory after the domain changes. This in turn directly affects the performance of the variable universe fuzzy control [14] . The expansion factors must meet the following conditions: There are two typical methods for selection of scaling factors: based on the mathematical model of slip factor, and based on fuzzy reasoning. Whichever method is used, its ultimate goal is to ensure that every change of domain is the best to achieve the best control performance. In this paper, the first method is deemed to be more appropriate [15] .
According to the definition and properties of the extension factor, the scaling factor is expressed as a function of the output variables common domain extension factor of input e and output u is described in Equation (8):
where α(x) is the extension factor of input e, and γ(x, y) is the extension factor of output u. τ is the time constant, x is the input variable, and y is the output variable. Fuzzy control of the system is achieved by computer processor, in order to translate to other control strategies. This paper selects a discrete time system for control strategy design [8] . Set the initial control rule to
and set linear output primitives of 1≤i≤p, 1≤j≤q) . Peak points should meet the following requirements: k is a constant) represent the variable domain of x 1 i, x 2 j. −U = y 11 < y 12 < . . . < y pq = U. y i j is the system output while the inputs are x 1 i, x 2 j. Set the membership function as a i (x 1 (k), k) , b i (x 2 (k), k) to achieve double-input single-output control strategy by the following steps:
Step 1: input x 1 (0) ∈ X 1 , x 2 (0) ∈ X 2 gain output Equation (9):
Step 2: gain output from system by laying y(1) on object; use system feedback to compare to reference input; gain input of control strategy x 1 (1), x 2 (1). y s t(0) represents initial time domain value. We obtain:
Step k: obtain system output by laying y(k) on object feedback to system to compare with reference input; gain input of control strategy x 1 (k), x 2 (k). We obtain:
Obtain the double-input single-output self-adaptive fuzzy control strategy for output from above:
Additionally,
Excitation system simulation under variable universe fuzzy PID control strategy
Variable universe fuzzy control strategy is designed according to the design principle detailed in Section 3, and this paper uses the M language to write the variable universe fuzzy control strategy, using S-function to realize it. Set the expansion factor of input domain to: α(x) = 1 − λe −kx (λ ∈ (0, 1), k > 0); set λ = 0.7, k = 0.5, x is equal to e or ec. Set the expansion factor of output k p and k i to : β 1 = 2|e|, β 2 = 1/(|e| + 0.6).
The simulation results under normal working conditions are shown in Fig. 12 .
The simulation responses of fault voltage and excitation voltage are shown in Figs. 13 and 14 , respectively.
Details of the simulation are as follows: 
Analysis of HTS machine excitation system simulation
The simulation responses of normal working conditions under two kinds of control strategy indicate that response under fuzzy PID control strategy does not overshoot, and goes into a steady state after a brief wobble without static error. Under variable universe fuzzy control strategy, excitation voltage response is relatively smoother than under common fuzzy control, not only without overshoot, but also demonstrating some variation before entering into a steady state. Section 5 provided the universe fuzzy PID control strategy design and simulation for excitation system, which was the foundation of this section.
Performance comparison of the two kinds of control strategies under conventional working condition is shown in Table 2 .
Conclusions are as follows: Although fuzzy PID is faster than variable universe fuzzy PID on rise time, but the actual response curve indicates that before entering into steady-state error, variation of the fuzzy PID is larger and the actual regulation time is longer than that achieved by variable universe fuzzy PID.
During the normal working state, the control effect of variable universe fuzzy control is better than that of fuzzy PID.
Under fault conditions, through the comparison of two contrast response curves of terminal voltage, regulation time of voltage response under fuzzy PID is found to be significantly longer than the terminal voltage under the control of the variable universe fuzzy PID control strategy; specific performance comparison is shown in Table 3 . Table 3 indicates that under fuzzy PID control, the time adjustment of terminal voltage is 0.03 s, which is longer than that under control of variable universe fuzzy PID. Comparison of the two groups of waves proves that variableuniversefuzzyPIDisrelativelybetterthanfuzzy PID in control precision and effect. The specific performance comparison of excitation voltage is shown in Table 4 . Table 4 indicates that in adjusting time and steadystate error, the control performance of variable universe fuzzy PID control has an absolute advantage.
Conclusions
This paper uses the fuzzy control theory, according to the control requirements of excitation systems and characteristics, to construct a variable universe fuzzy PID control strategy by combining the traditional PID with variable domain optimization. The simulation results indicate that variable universe fuzzy PID control has better control accuracy, response speed and anti-interference ability in the transfer of power, voltage regulation and under large disturbances, which can effectively improve the system state variable and output dynamic as well as the static performance and the stable operation of the system.
